As with the Bessel beam, the Airy light field has a propagationinvariant intensity profile and can exhibit 'self-healing' 12, 13 . With its curved trajectory and asymmetric extended transverse structure parallel to a relatively weak and broad main lobe, the Airy beam may not appear to be advantageous for light-sheet imaging; however, both the curved profile and the side lobes of the generated light sheet are readily accounted for by a simple and efficient deconvolution. A single Airy beam light-sheet scan therefore lends itself to efficient use of the captured fluorescence and yields high contrast and resolution over an extended FOV and provides advantages over either a Gaussian or a Bessel beam light sheet. For the case examined here of similar NAs in the excitation and illumination paths, the Airy beam shows up to a tenfold and fourfold increase in FOV compared to the singlephoton Gaussian and Bessel beam light sheets, respectively, while sustaining high resolution. It can be implemented by a straightforward modification to an existing apparatus.
To compare the different light-sheet modes, we developed a generic light-sheet microscope using a spatial light modulator (SLM) to enable the holographic formation of apertured Gaussian, Bessel and Airy beams as desired (Online Methods). A fast scanning acousto-optic deflector (AOD) broadened each of the focused beams along the lateral y dimension into light sheets within the sample volume ( Fig. 1 and Supplementary Fig. 1 ).
We generated two Bessel beams using an annular aperture but with a different width in each instance such that the propagation-invariance distance matched the required FOV (Supplementary Notes 2 and 3). We designated the beams Bessel10 and Bessel5, referring to the ratio β = w/R = 0.10 and 0.05, respectively, where R is the objective's back aperture radius and w is the annulus width. Bessel10 allowed us to compare the contrast and resolution for a limited FOV; Bessel5, a closer approximation to the theoretical Bessel beam, enabled us to assess the detrimental impact on contrast and resolution when increasing the FOV by a factor of 2.
The intensity cross-sections ( Fig. 1d) of the scanned light sheets all have an identical total z-integrated irradiance. Thus, all light sheets could in principle excite the same number of fluorescence photons if we disregard fluorophore saturation and damage. Such harmful side effects are reduced for the Bessel and Airy beams, as their peak irradiance is only a fraction of that of the apertured Gaussian light sheet: 22% for Bessel10, 12% for Bessel5 and 16% for the Airy beam (Supplementary Note 1) . We compared the photobleaching rate of the different light sheets using timelapse measurement of fluorescence from the gel-embedded dye Cy3 during repeated scanning and confirmed that the Bessel5 and Airy light sheets had the lowest rates of photobleaching (Supplementary Note 4) . Light-sheet microscopy facilitates rapid, high-contrast, volumetric imaging with minimal sample exposure. however, the rapid divergence of a traditional Gaussian light sheet restricts the field of view (foV) that provides innate subcellular resolution. We show that the airy beam innately yields high contrast and resolution up to a tenfold larger foV. in contrast to the bessel beam, which also provides an increased foV, the airy beam's characteristic asymmetric excitation pattern results in all fluorescence contributing positively to the contrast, enabling a step change for light-sheet microscopy.
Light-sheet microscopy using an airy beam
Light-sheet microscopy facilitates high-contrast, volumetric imaging with minimal sample exposure by using two orthogonal objectives that perform the tasks of excitation and detection. The lateral resolution is dictated solely by the numerical aperture (NA) of the detection objective, whereas the axial resolution is determined by a combination of the NA of the detection optics and the width of the illuminating light sheet 1 . The Rayleigh range of the Gaussian beam used to create the traditional light sheet severely restricts the uniformly illuminated FOV 2 . Capturing additional exposures of the sample from different angles to increase the FOV unavoidably leads to a longer irradiation time and may induce photobleaching or damage [3] [4] [5] . An extended uniformly thin light sheet would ensure optimal excitation of the sample and isotropic resolution.
Propagation-invariant light fields such as Bessel beams can create a uniformly thin light sheet 6 , but the transversal outer ring structure of the Bessel beam produces background fluorescence and in principle precludes high axial resolution unless two-photon excitation is used 7, 8 . Single-photon Bessel beam approaches can reclaim contrast using structured illumination (SI) 7, 9 or confocal scanning (CS) 10 , but the transversal structure of the Bessel beam still unnecessarily irradiates the sample (Supplementary Note 1) .
We show that a single-photon light sheet created by the transversely accelerating asymmetric Airy beam 11 , in contrast to the Bessel beam, provides a wide FOV in which the transverse beam structure contributes positively to the imaging process.
A light-sheet image scan can be understood mathematically as a convolution of the light-sheet illumination with the fluorophore distribution in the sample. This makes it convenient to study the light-sheet illumination process in the spatial frequency domain using the modulation transfer function (MTF), defined as the absolute value of the normalized optical transfer function (Supplementary Note 5) . The MTF denotes relative image contrast as a function of spatial frequency and provides valuable insight into the relationship between contrast and resolution of images obtained (Supplementary Note 3) . Ideal imaging is achieved when the MTF = 1 for all spatial frequencies. We compared the z-axis modulation transfer function of the beams at the waist (x = 0; Fig. 1e ) and at x = 25 µm (Fig. 1f) . The Gaussian beam had the highest contrast at the waist, but this contrast fell rapidly by x = 25 µm. Although the Bessel and the Airy beams exhibited much lower contrast at the waist, they maintained their intensity cross-section, and hence contrast, upon propagation. The same image sharpness seen at the light-sheet waist will therefore be available over a FOV limited only by the length of the propagation-invariant region.
The Bessel5 beam had the lowest contrast and highlights an important trade-off between the distance of propagation invariance and contrast for the Bessel beams ( Supplementary  Notes 2 and 3) . Conversely, the MTF associated with the Airy beam maintained high values, even for spatial frequencies close to the diffraction limit. Owing to the asymmetry of the Airy light sheet, its optical transfer function has an imaginary component, and the ensuing phase shift does not affect the signal-to-noise ratio. Both the image warping due to the inherent light-sheet curvature and the blurring due to its side lobes can be readily reversed with standard deconvolution techniques. Using simulations, we found that an efficient one-dimensional z-axis deconvolution based on the theoretical light sheets (Fig. 2a) was sufficient to recover near-diffraction-limited resolution ( Fig. 2b and Supplementary Note 6). We anticipate that direct measurement of the light sheet could further improve the deconvolution process.
To experimentally characterize the FOV of all considered light sheets, we imaged a three-dimensional distribution of 1-µm-diameter fluorescent microspheres fixed in poly(dimethylsiloxane) (PDMS) within a capillary. With the apertured Gaussian light sheet, the fluorescent microspheres were well resolved within 8 µm of the beam waist, but image contrast degraded rapidly beyond this point. The Bessel5 and Bessel10 light sheets extended the FOV to approximately ±21 µm and ±41 µm, respectively, coinciding with the decline in the on-axis beam intensity (Fig. 2a) . In general, the propagation distance of a Bessel beam is increased by reducing β (Supplementary Note 2). However, a reduction in β also has an adverse effect on resolution (Supplementary Note 3). Extending the FOV by a factor of 2, i.e., changing from Bessel10 to Bessel5, resulted in lower axial resolution (Fig. 2c) . In contrast, the FOV of the Airy beam was an order of magnitude larger than that of the apertured Gaussian beam while maintaining comparable resolution; the Airy beam resolution and FOV exceeded those of the two Bessel beams (Fig. 2c) .
Interestingly, the width of the main lobe of the Airy beam is typically about twice that of the Gaussian light sheet's waist, yet the axial resolution obtained with both light sheets was comparable. This reinforces our view that, in contrast to the outer lobes of the Bessel beam, the side lobes of the Airy beam contribute positively to the image formation.
Light-sheet microscopy can improve the axial resolution of the wide-field microscope by restricting the illumination to a width smaller than the detection objective's depth of focus. Both the axial resolution and the FOV then depend upon the NA of the illumination objective and the light-sheet type. We used simulations to examine the relationship between axial resolution, NA and FOV for the four light-sheet types. In all cases, there was a trade-off between axial resolution and FOV. Increasing the NA of the illumination objective reduced the light-sheet width, thus increasing axial resolution (Fig. 2d) , but this decreased the FOV (Fig. 2e) . However, for most light-sheet types, the intrinsic axial resolution is often large (Fig. 2f) . For this reason, and in contrast to our configuration, it is important to note that a higher-NA detection objective is often used to limit the depth of field of the detection path and improve axial resolution. The trade-off between axial resolution and FOV is far less severe for the Airy light sheet, for which the intrinsic axial resolution remains smaller than 1.5 µm at the light-sheet waist, in theory even for a FOV as wide as 1 mm.
To experimentally compare the resolving power of the different light-sheet types, we measured the full-width at half-maximum (FWHM) of 50 isolated fluorescent microsphere images obtained from the sample shown in Figure 2c . Because the fluorescence detection path in a light-sheet microscope is identical to that of a widefield microscope, similar lateral resolution could be expected, but spherical aberrations induced by the air-glass interface of the square capillary resulted in a lateral FWHM of 1.9 ± 0.3 µm (mean ± s.d.) for all four light sheets. We also measured the axial resolution across the FOV (Fig. 2g) . The FWHM achievable with the Gaussian light sheet was approximately linearly dependent on the distance, x, from the light-sheet waist along the entire FOV. This dependency was reduced for the Bessel beam light sheets up to a distance that was inversely proportional to β, approximately 20 µm and 40 µm for Bessel10 and Bessel5, respectively, after which the FWHM increased rapidly. In comparison, the FWHM obtained with the Airy light sheet increased gradually and remained less than 1.5 µm up to a distance of 100 µm from the center of the FOV. 
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We next compared the theoretical FOV, axial resolution and efficiency of the different methods ( Table 1 and Supplementary Note 1). The Gaussian beam could resolve the smallest features, but the FOV for this resolution was severely restricted (±8 µm). The Gaussian light-sheet waist is smaller than the depth-of-field of the detection (6.5 µm); hence, most (99.5%) of the detected fluorescence contributes positively to the image formation. This highly efficient use of the fluorescence allows sample irradiation, and thus photobleaching and damage, to be minimized.
The Bessel beam light sheets displayed a lower efficiency owing to their broad transverse structure, yet more than 50% of the light could still be captured for a propagation-invariant distance of 103 µm. Relative to the apertured Gaussian light sheet, they possessed a reduced peak irradiance leading to a potential advantage in terms of reduced photobleaching. There was a clear trade-off, however, between FOV and axial resolution when we used a smaller annulus to generate Bessel beams with longer propagation distances.
Two different methods, SI and CS, have been described to remove the fluorescence arising from the Bessel beam side lobes, thus mitigating the reduction in axial resolution. For SI, the sample is irradiated by multiple beams; for CS, the fluorescence from the outer lobes of the Bessel beam is blocked. A side effect of these processes is that only a fraction of the excited fluorescence is used for imaging, and the irradiance of the sample must therefore be increased to achieve a comparable signal-to-noise ratio (Supplementary Note 1) . This increase in irradiation practically nullifies the reduction in peak irradiance. More than 80% of the sample is irradiated unnecessarily when SI is used, and over 90% of the fluorescence is rejected when CS is used. The combination of Airy light-sheet illumination and deconvolution discards little fluorescence, allowing sample irradiation to be kept to a minimum, and the peak irradiance can be reduced nearly fivefold.
Further, we assessed the performance of all light-sheet types on a variety of biological samples. We first examined membranelabeled renal adenocarcinoma (ACHN) cells using an equivalent setup in which both objective lenses were replaced with waterdipping objectives and had apertures adjusted to match the NAs of the setup used to image fluorescent microspheres. The resolution was comparable for both Gaussian and Airy lightsheet modes in the lateral dimensions x and y ( Supplementary  Fig. 2a,b) . In contrast, the axial resolution degraded within 10 µm of the focus for the Gaussian light sheet, but the Airy beam allowed subcellular axial resolution for all cells (Supplementary Fig. 2c,d) . Half-FOV indicates the propagation-invariant distance from the center of the FOV; it was determined as discussed in supplementary note 2. Resolution indicates the axial resolution of the illumination, calculated numerically using the criterion in supplementary note 3. Efficiency was calculated as the fraction of fluorescence emitted within the cone of acceptance of the detection objective that is used to form the final volumetric image. The final column shows the peak irradiance (irrad.) with respect to that of the truncated Gaussian light sheet, for an equal number of used photons, thus accounting for the relative efficiency.
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For a larger sample, the Gaussian focus is affected by cells in the light path ( Supplementary Fig. 3a,e) . Even without in situ aberration correction 14, 15 , the Airy light sheet can obtain high resolution throughout the 80-µm FOV (Supplementary Fig. 3b,d,f) . We believe that this may be aided by the relative insensitivity of propagation-invariant beams to optical obstacles 13, 16 .
As an example of a large, highly scattering sample, we imaged actin and nucleic acids in a juvenile amphioxus (Fig. 3) , a marine invertebrate. A gradual decrease in image brightness and sharpness was apparent for increasing x as the light sheet penetrated the sample, and refractive-index inhomogeneities precluded a sharp focus of the Gaussian light sheet. In comparison, the Bessel5 beam and Airy beam images displayed increased sharpness of the fiber structures deep within the organism. The Bessel beam did, however, show a reduction in contrast and an amplification of the photon noise (Fig. 3e-h ) as well as image artifacts at both ends of the propagation-invariant region (Fig. 3e,f) . Visibly higher contrast was observed in the Airy light-sheet images (Fig. 3i-l) . Similarly, imaging of the tail of a juvenile amphioxus stained with propidium iodide using all beam types showed the highly organized arrangement of nuclei in the notochord, but it was only fully resolved across the whole FOV with the Airy beam ( Supplementary Fig. 4) . Finally, only the Airy beam light sheet clearly resolved fine details such as individual sarcomeres in a muscle block of a zebrafish larva (Supplementary Fig. 5) .
In contrast to the Bessel beam, the transversal intensity profile of the Airy beam can be used to ensure high axial resolution over an extended FOV without increasing the sample exposure or the number of images required. This can be readily achieved by simply introducing a cubic phase mask at an appropriate position in the optical train of the microscope. The Airy beam light sheet thus presents a powerful advance toward high-resolution imaging of large biological specimens with limited sample irradiation. methods Methods and any associated references are available in the online version of the paper. figure 3 | Light-sheet microscopy scan of a juvenile amphioxus. (a-l) Three volumetric images were acquired using Gaussian (a-d), Bessel5 (e-h) and Airy (i-l) illumination beams, respectively. F-actin is stained using Alexa Fluor 488 phalloidin (green), and propidium iodide is used as a counterstain indicating nucleic acid material (recolored magenta). Two-dimensional sections are shown at z = 0 µm (a,e,i) and at y = 0 µm (b,f,j) for the respective beam types. Two sections along the light-sheet propagation axis (x) are shown for planes at x = −40 µm (c,g,k), and x = 0 µm (d,h,l). npg nature methods onLine methods Simulations. The light sheet for each illumination mode is calculated from the corresponding pupil function as the vectorial point spread function and by integrating its intensity along the y axis. The theoretical light-sheet profile is employed both for deconvolution and for the simulations shown in Figure 2 . The acquisition is simulated as a standard wide-field diffraction-limited detection process with Poissonian distributed noise, corresponding to a charge-coupled device (CCD) array with a well depth of 18,000 electrons. Before the deconvolution is simulated, the recorded signal is quantized by an 8-bit analog-to-digital conversion. The deconvolution procedure itself is detailed in Supplementary Note 6.
Light-sheet microscopy setup. The laser beams (Coherent Verdi V6, 6 W, 532 nm, and Spectra Physics argon-ion 2040E, 10 W, 488 nm) are passed through a single-mode fiber and expanded to fill the aperture of an acousto-optical deflector (AOD, Neos AOBD 45035-3; Supplementary Fig. 1) , which creates the light sheet by scanning the laser focus along the y axis. The scan period of 50 µs is considerably shorter than the exposure time in our experiments (10-50 ms). The AOD aperture is reimaged by a 2× magnifying telescope (L1 and L2) to overfill the active area of a spatial light modulator (SLM, Hamamatsu LCOS X10468-04). Instead of a static phase mask, we employed an SLM to enable rapid dynamic switching of the light-sheet type. The SLM allowed us to record data sets for the various beam types with the same setup. The SLM reflects a disk-shaped area in the case of the apertured Gaussian and Airy beams. In the case of the Bessel beams, the central part of the aperture is blocked, and only an annular area is used. We created a two-dimensional Airy beam by modulating the wavefront at the back aperture with a cubic polynomial function: α(u y 3 + u z 3 )λ, where u y and u z are the normalized Cartesian pupil coordinates aligned with the y and z axes, respectively, and λ is the excitation wavelength. The dimensionless parameter α dictates the propagation invariance of the Airy beam (Supplementary Note 2) . Unless otherwise stated, the value of α = 7 was used, as it ensures near-diffraction-limited resolution across the entire FOV of our experimental setup (Supplementary Notes 2 and 3) . Notably, the use of an SLM also permitted the elimination of residual aberrations in the system 14, 15 , thereby ensuring that the beams closely resemble their theoretical descriptions. The active area of the SLM is imaged onto the back aperture of the excitation objective (MO1, Mitutoyo 20×/0.42, working distance = 20 mm; Supplementary Fig. 1 ) via a demagnifying telescope (0.5×) with a slit aperture at its focus to select the first diffraction order. The sample was mounted on an xyz piezo stage (Mad City Labs, Nano-LP200) to allow automatic positioning with respect to the light sheet and the focal plane of the detection objective. Depending on the sample and wavelength, the power at the back aperture was set between 30 and 300 µW and kept constant during recording with the different light-sheet types. The irradiance of the light sheet for imaging cells was typically 70 W/cm 2 . Fluorescence was detected using a CCD camera (CCD1, Basler piA640-210gm) via an orthogonally mounted objective (MO2, Newport 20×/0.40) with an appropriate tube lens (TL1) and fluorescence filter. Beam characterization and alignment are aided by the auxiliary objective (MO3, Mitutoyo 50×/0.55) and camera (CCD2, Basler piA640-210gm) with an appropriate tube lens (TL2). A combination of piezo-stage translation and holographic deflection with the SLM was used to scan the fluorescent microsphere sample in 50-nm steps, whereas biological samples were scanned in steps of 200 nm. LabVIEW software (National Instruments) was used to interface the camera, nanostage, SLM, AOD, and lasers. An equivalent setup was used to image biological samples water immersed in a Petri dish. The objective lenses MO1 and MO2 were both replaced with stoppeddown water-dipping objectives (Nikon CFI Apo 40×/0.80 DIC, working distance = 3.5 mm), and image stacks were recorded with an sCMOS camera (Orca Flash 4.0, Hamamatsu).
Measurement of bleaching rate. Homogeneous test samples with a high concentration of Cy3-streptavidin (10 µM, Life Technologies) were prepared using 15% polyacrylamide gel and left overnight to set and limit the diffusion of the dye through the gel matrix. The fluorescence intensity was recorded as a function of time and position x in the FOV. Photobleaching was seen throughout the FOV of the camera; however, the FOV of the respective light-sheet types (Supplementary Note 1) marked the region with the highest rate of photobleaching. The photobleaching rate was determined by integrating the fluorescence intensity over a 10-µm-wide volumetric section centered at the point with the highest photobleaching rate. This point was generally located a few micrometers closer to the illumination objective than the light-sheet waist; we attribute this to absorption along the propagation axis.
Cell culture. Renal cell adenocarcinoma (ACHN, CLS Cell Line Services) cells were grown in rotating culture flasks (Cellspin, Integra Biosciences) under standard conditions (37 °C, 5% CO 2 ) and in growth medium comprising Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich) for 2-3 weeks to form spheroids.
The cell line was routinely tested for mycoplasma (negative).
Sample preparation. The plasma membrane of the ACHN cell spheroids was stained with an Alexa Fluor 488 conjugate of wheat germ agglutinin (Alexa Fluor 488 WGA, Life Technologies) following the recommended protocol for labeling prefixed eukaryotic cells; the ACHN cell spheroids were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) and incubated at 37 °C for 15 min and then washed three times in Hank's Balanced Salt Solution (HBSS, Sigma-Aldrich). WGA conjugate was then added at a concentration of 5 µg/mL, and the mixture was incubated for 10 min at room temperature. The cells were washed twice with HBSS and finally suspended in HBSS. As the ACHN cell spheroids were in suspension, removal of the PFA, wash and WGA conjugate was performed by gently centrifuging (100g), to allow the cells to form a pellet, and removing the supernatant.
Fluorescent microspheres (1-µm diameter, R0100, Duke Scientific) were mixed with liquid poly(dimethylsiloxane) (PDMS, Sylgard 184 Elastomer Kit, Dow Corning) and pipetted into a borosilicate square-profile capillary (Vitrotube 8250-100, Hawksley) before curing at 60 °C for 2 h. Additionally, the fluorescent microspheres were used as calibration probes for in situ wavefront correction 14, 15 . Note that for imaging of highly turbid samples, this method could be combined with the use of a deformable mirror in the detection path as recently demonstrated 17 .
Cell solutions were prepared for suspension by adding a liquid 1% low-melting point agarose solution (peq-GOLD, Peqlab) and npg gentle mixing. A small 50-µL drop of the mixture was then placed in a Petri dish and allowed to set for 10 min.
At 17 d post fertilization, zebrafish larva (Danio rerio, gender not determinable at age) was humanely killed by an overdose of ethyl 3-aminobenzoate methanesulphonate (MS-222, Sigma). Schedule 1 techniques were used in compliance with the Animals (Scientific Procedures) Act regulations and are authorized by the Animal Welfare and Ethics Committee of the University of St Andrews. Both zebrafish and juvenile amphioxus (Branchiostoma lanceolatum, gender not determinable at age) were fixed in 4% (w/v) PFA in MOPS buffer (0.5 M NaCl, 2 mM MgSO 4 , 1 mM EGTA, 0.1 M morpholinopropanesulfonic acid buffer, pH 7.5) for 1 h at room temperature and then washed three times in PBT (1× phosphate buffered saline solution, 0.1% Triton X-100). After the amphioxus 'skin' was peeled off, both specimens were permeabilized in PBT for 1 h at room temperature. Prior to the staining, an RNase treatment was performed, consisting of a brief wash in 2× SSC (0.3 M NaCl, 0.03 M sodium citrate, pH 7.0)
